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Abstract 

Additive manufacturing has the power to redefine how we create 

components. In order to minimize removal of printed material, 

deformation must be kept a minimum. When deposition rate is 

increased during directed energy deposition so is the power requirement 

for melting the feedstock. This increases the residual stresses in the 

material and leads to more deformation. The deposition rate must be 

increased without introducing large deformation, if additive 

manufacturing is ever to be economical in many engineering fields. 

This study aims to explore if pulsing the laser can decrease 

deformation using a design of experiments approach. Other types of 

defects and microstructural changes are also evaluated. A total of 17 

sets of parameters were used varying laser power, pulse frequency and 

the time fraction when the laser was powered on. The amount of powder 

added to a substrate was constant and the build geometry as similar as 

possible for all tests. 

Ultimately no conclusion could be drawn regarding pulsing 

parameters effect on deformation. It was found pulsing the laser lowered 

the powder efficiency drastically, which may have had a bigger effect 

on the experimental set up than anticipated. In a similar manner, no 

relation between pulsing parameters, defects and microstructure could 

be observed. 
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Sammanfattning 

Additiv tillverkning ger oss möjligheten att tillverka komponenter på 

ett sätt som tidigare inte har varit möjligt. För att minimera 

efterföljande svarvning och fräsning av additivt tillverkade delar måste 

deformationen kontrolleras. När deponeringshastigheten ökar måste 

även sträckenergin ökas i direktenergideponeringsprocesser. Detta leder 

till höjda restspänningsnivåer i materialet och medför en större 

efterföljande deformation. Om additiv tillverkning i framtiden ska ha 

en chans att mäta sig ekonomiskt med konventionella metoder måste 

deponeringshastigheten öka för många applikationsområden. 

Denna studie använder Design of Experiments för att undersöka om 

en pulserande laser kan utnyttjas för att minska deformationen när 

metallpulver används som tillsats. Även andra typer av defekter och 

förändringar i mikrostruktur har utvärderats. Totalt undersöktes 17 

olika parameteruppsättningar med varierande lasereffekt, pulsfrekvens 

och aktiv lasertid. Pulverdeponeringshastigheten hölls konstant mellan 

försöken och byggeometrierna var så lika som möjligt för alla tester. 

I slutändan kunde ingen slutsats dras när det gäller hur pulserande 

parametrar påverkar deformationen. Det visade sig att en pulserande 

parameter sänker pulvereffektiviteten drastiskt, vilket kan ha haft en 

större effekt på experimentets uppsättning än förutspått. På liknande 

sätt kunde inget säkert samband mellan pulserande parametrar, 

defekter och mikrostruktur observeras. 
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“Failure is success in progress.” 
 – Albert Einstein 
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1 Introduction 

This master thesis work has been carried out at GKN Aerospace, 

Trollhättan. As an introduction to this paper; a brief summary of 

additive manufacturing techniques will be given, followed by a 

comprehensive description of the purpose and aim of this work. 

 Additive Manufacturing 

Additive manufacturing (AM) is a collective name for manufacturing 

techniques forming an object by adding layers of material on top of each 

other. Doing so allows complex geometries to be created without the 

need for special tooling, dies, moulds or fixtures. Furthermore, 

conventional limitations such as the need to make straight cuts, drill 

straight holes with a circular cross section and the need to make solid 

structures can be ignored. For these reasons AM has become one of the 

best methods for rapid prototyping and low volume production [1]. 

In recent years AM has seen a dramatic increase in interest from 

scientists and manufacturing companies. The number of metal AM 

systems delivered to companies have gone from about 200 in 2012 to 

almost 1800 in 2017 [2]. Strong development of AM techniques has 

taken place at universities and companies to make the techniques ready 

for deployment in production. Some additively manufactured 

components are already available on the market, many of which are 

made of exotic materials. Previously, these were often machined from 

larger chunks creating vast amounts of wasted material [1]. This waste 
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lead to increased production costs and the facility to avoid such 

expenditures is one of the main drivers for the switch to AM. 

In the aerospace industry, this is often quantified by the buy-to-fly 

(BTF) ratio. Since high cost nickel- and titanium alloys are often used, 

the material represents a considerable part of the final price of the 

product. The BTF ratio is defined as the weight of the raw material 

divided by the weight of the in-service component. If a lot of material 

needs to be removed in e.g. milling, it results in a high buy-to-fly ratio. 

If all material bought is used for the part, it would have a buy-to-fly 

ratio of one. Utilizing AM techniques, we can get close to this number, 

increasing the profit on each product because of less wasted material 

and reduced milling time [3]. 

The choice of AM technique for the part to be manufactured is 

dependent on size, material, geometry, surface finish and more. For AM 

of metals, the process can be divided into three categories; Directed 

Energy Deposition, Powder Bed Fusion and Sheet Lamination [4]. A 

schematic division of AM processes is seen in Figure 1. In this report, 

the directed energy deposition process is used for investigation using 

laser as the source of fusion and powder as the additive. From now on, 

this combination of factors will be referred to as Laser Metal Deposition, 

or LMD. 
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Figure 1: A schematic division of AM processes. The red path shows the 

combination of techniques being used in this application [4].  

 Problem formulation, purpose and aim 

As AM has become a more mature technique for manufacturing of 

components, AM methods have been gradually implemented in 

commercialized production. So far, conservative parameters have been 

used to minimize the risk of defects. However, to increase justification 

for the switch to AM, higher production rate is needed. Up until now, 

aerospace components have been qualified on a part by part basis 

instead of qualifying the method of production, which is the end goal 

for manufacturers.  
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Recently, studies have been conducted to investigate how different 

parameters affect overall quality of the as-manufactured component and 

the dimensions of the region of the powder that is molten during 

manufacture. Manufacturing trials have been conducted for several 

materials in which higher powder deposition rates than are currently 

used in commercial production. The number of defects was found to be 

acceptable, however, with increased deposition rate comes higher heat 

input.  This leads to more deformation in the finished component as a 

result of thermally induced strain. In many industries, such as 

aerospace, component dimensional tolerances are very tight. Therefore, 

if a production route is to be accepted, it must not only result in a small 

number of defects, but also give tolerable deformations. The purpose of 

this work is to investigate if and how deformation can be reduced in 

LMD when using a higher powder deposition rate. Furthermore, 

examinations of microstructure, defect count and types are made. If the 

method suggested to lower deformation would be successful, 

manufacturers could decrease their material costs and reduce waste by 

having tighter tolerances before machining. Since many of the alloys 

used are high in cobalt content, the need for mining this mineral is 

decreased as well. Cobalt is a very problematic metal in terms of where 

it is mined. Over 50% comes from the Democratic Republic of Congo 

where child labour, dangerous working conditions and low wages are 

common [5]. If usage of this metal can be limited it is beneficial from 

an ethical standpoint.  
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2 Background 

Many different articles have already investigated the effect of different 

parameters during LMD manufacturing [6-10]. However, the use of a 

pulsed laser source is still relatively uncommon. At this time, no one 

have yet explored if the benefits of pulsing the laser during welding may 

be valid for additive manufacturing as well. Since the goal of this work 

is partly to have less deformation, we first need to understand the 

physics controlling the process. Thereafter, we will get into how 

modifying pulsing parameters may achieve our goal.     

 Laser metal deposition process 

The LMD process is one of the AM techniques currently in commercial 

use. The method can be thought of as a welding process where a laser 

beam is used as the heat source and powder as an additive. It is also 

possible to use wire as a feedstock but not for the same equipment.  

In a typical set-up for LMD, powder is carried in argon gas through 

and out of a nozzle. In the case of a coaxial nozzle (Figure 2), the 

powder is evenly spread around the laser beam, and the powder is 

angled such that a powder focus is created. The focus point of the laser 

beam can also be varied using motorised optics. 
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Figure 2: A coaxial powder nozzle [11]. The powder is sprayed in a 

conical geometry and focused to a point (marked by the arrow) where it 

is melted and incorporated into the final component. 

Together with the powder carrying gas, additional argon shielding 

gas is used. The gas is blown around the powder to minimize oxidation 

of the deposited metal. As the nozzle moves along the substrate, it 

leaves behind much like a weld bead (Figure 3). By tracing a designated 

pattern, a slice of a three-dimensional object can be created. By 

repeating this process with the appropriate pattern in each layer, an 

object can be built in three dimensions. 
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Figure 3: A cross section of the LMD process using a coaxial powder 

nozzle. 

 Process parameters in LMD  

The aim of LMD is to add metal powder where material is wanted and 

melt it in place to form a part. There are many parameters that must 

be chosen and controlled to achieve this aim.  These include parameters 

that control the supply of energy that is used to melt the powder: the 

size and power of the laser beam, and parameters that control the 

supply of powder: the speed at which the powder flows and the powder 

feed rate.  Each parameter will be considered in turn and their notations 

is given in Table 1.  
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Table 1: Process parameters in the LMD process. 

Parameter Notation Unit 

Laser Power �p W 

Laser Spot Size �d mm 

Laser Standoff Distance �sod mm 

Scanning Speed � mm/s 

Powder Feeding Rate �fr g/min 

Powder Efficiency �eff % 

Powder Standoff Distance �sod mm 

Shielding Gas Flow Rate �shield L/min 

Carrier Gas Flow Rate �carrier L/min 

2.2.1 Laser Power 

One of the most important parameters in LMD is the laser power. 

Higher laser power results in an increased width of deposited material 

and deeper melt pool [12]. Increasing laser power and/or lowering 

scanning speed results in a better surface finish [13]. Laser power will 

also affect phase transformations in deposited materials, because of the 

direct connection between heat input and cooling rate. Several studies 

have been made on how to calculate, observe and control microstructure 

and phase formation by varying laser parameters for different materials 

in Selective Laser Melting and LMD processes [10, 13-17]. The relation 

between scanning speed, �, spot size, �d, and laser power, �p, gives us 

the heat input, �, for the process (Eq. (2.1)). 

 � =
�P

�d ∗ �
 (2.1)
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Increasing � and leaving all other parameters unchanged will 

increase the temperature of the deposited material and substrate, 

leading to a lower thermal gradient and hence, longer cooling times. 

2.2.2 Laser Standoff Distance 

Laser standoff distance is defined as the distance from the laser focal 

point to the substrate (Figure 4). The sign is defined as positive if the 

focal point is above the substrate and negative if it is below. The laser 

spot size (Figure 4) is not changed directly but will vary inevitably as 

a result of the laser standoff distance. This also means the same spot 

size can be obtained by having a positive or negative standoff distance. 

 

 

Figure 4: Illustrating the laser standoff distance and laser spot size. When 

laser focus is above the surface, the laser spot size will increase with 

longer standoff distance. 



 

10 

In the powder LMD process it is most common to use a positive 

laser standoff distance, meaning the laser width will increase as the 

laser penetrates deeper into the material (as is depicted in Figure 4). 

In high laser power processes, a 0 mm or negative standoff distance 

increases the risk of keyhole formation, impairing the process [12]. The 

energy density in the laser spot size can be calculated from Eq. (2.2). 

 � =
4�p

�d
� ∗ �

 
(2.2)

2.2.3 Powder Standoff Distance 

This is analogous to the laser standoff distance. It, too, is measured 

from the top of the material to the powder focal point and a focus above 

the material is denoted as positive. The powder yield is at its highest 

when the powder focus is zero i.e. at the surface (as depicted in Figure 

4). The powder yield is defined as the fraction of powder ending up 

incorporated into the part during printing.  If the powder focal point 

moves in either the positive or negative direction powder yield decreases 

[12]. 

The height of the deposited layer is also affected by the powder 

standoff distance: the maximum build height is obtained when surface 

and powder focus meet [18]. This means the process can be set up to be 

self-levelling (Figure 5). If the powder focus is set below the surface, the 

building height will be less than its maximum. Should there be a crater 

in the material, powder focus will tend towards zero, increasing the 

build height at that point. Likewise, if there is a bump the deposited 

material height will decrease to reduce the difference. Collectively, this 
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will result in the surface becoming smother if the powder focal point is 

set below the targeted surface. 

 

 

Figure 5: Variations in height can be corrected due to varying powder 

yields: a.) at targeted height, b.) increased yield below targeted height 

and c.) decreased yield above targeted height [12]. 

2.2.4 Scanning Speed 

The scanning speed, �, affects the energy density, �, the melt pool 

geometry, quality and hardness of the added material [19]. A higher 

scanning speed will result in the melt pool becoming more tear-drop-

shaped, increasing the risk of unwanted microstructures and centreline 

cracks. It will also affect melt pool temperature. 

2.2.5 Shielding and Carrying Gas 

The main purpose of the shielding gas is to protect the melt and 

surrounding material from atmospheric gases, most importantly oxygen 

and nitrogen. At elevated temperatures, elements become more 
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reactive, forming nitrides and oxides which are considered defects in 

most cases. These reactions also affect the composition of the material 

and affect subsequent phase transformations. 

The function of the carrying gas is to transport the powder from its 

container out the nozzle. Higher carrier gas flow leads to a deeper, and 

shorter melt pool. Surface roughness is also decreased [16]. 

2.2.6 Powder efficiency 

The powder efficiency is the yield of powder being added to the 

material. It is calculated as the mass added to the substrate divided by 

the deposited mass, see Eq. (2.3). 

 �Eff =
�increase

�fr ∗ �eff
 (2.3)

Where �increase is the difference in mass between bare substrate and 

finished part after LMD process, �eff is the effective building time, the 

time where powder is being added to the material and �fr is powder 

feeding rate.  

2.2.7 Overlap fraction 

Overlap fraction is the normalised distance between two beads 

deposited in parallel. If two beads are deposited right on top of another, 

the overlap ration is 100%. Likewise, if a second bead is offset by half 

of the bead width, the overlap ratio is 50%. 
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 Inconel 718 

Inconel 718 (IN718) belongs to the family of nickel-based superalloys. 

The name Inconel is a trademark for a family of alloys developed by 

Special Metals Corporation where 718 indicates the version of the 

alloy.[20] 

Superalloys consists of a disordered face-centred cubic matrix phase, 

commonly referred to as gamma (γ), and one or several precipitates [6]. 

IN718 is less prone to solid state cracking compared to many other 

superalloys and often used in high temperature applications. This makes 

it a top candidate for directed energy deposition processes [17].  

2.3.1 Phases and microstructure 

In the case of IN718, the most important precipitates are gamma prime 

(γ′), gamma double prime (γʺ) and delta (δ). The γ′-phase is 

precipitated between 600-900 °C and has a primitive cubic lattice, 

similar to that of the matrix phase. The atomic arrangement of γ′ is 

Ni3(Al,Ti) instead of the completely random element distribution in γ. 

This gives the  γ′-phase an order hardening effect of the alloy [21]. The 

γʺ-phase is a metastable Ni3Nb intermetallic precipitate forming below 

900 °C. It has the biggest contribution to IN718’s strength of all phases. 

The δ-phase is another Ni3Nb precipitate. The difference between γʺ 

and δ is the crystal structure where γʺ is body-centred tetragonal (D022) 

and δ is orthorhombic (D0a). Although the δ-phase is more 

thermodynamically stable, γʺ is favoured during cooling below 900 °C, 

the solvus temperature of γʺ, due to the sluggishness of the 

precipitation of δ [8]. 
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In cast or welded IN718 several other phases are present due to 

segregation of alloying elements. Niobium has particularly poor 

diffusivity, which leads to higher concentration in the interdendritic 

regions. In turn, this leads to Laves phase formation during cooling. 

Laves phase is brittle and has a low melting point, worsening 

mechanical properties of the product [7]. Post-manufacturing heat 

treatment of manufactured products can limit the amount of Laves 

phase. However, during building and heat treatment, low melting 

temperature phases makes the part more susceptible to liquidation 

cracking [22, 23].    

 Powder 

Two types of powder production routes are most commonly employed 

for the LMD process: gas atomization and the plasma-rotation electrode 

process (PREP). Powder quality becomes more critical as the 

deposition rate of IN718 increases [24]. One of the most common defects 

for high deposition rate LMD is porosity and several ways to reduce 

this have been studied. Researchers found there is a correlation between 

powder topology and porosity in deposited material [25].  

In the gas atomization process, molten metal flows from a raised 

tundish and high pressure gas breaks the molten stream into droplets, 

which cool and solidify as they fall into a collection chamber [26].  

In PREP, an electrode is rotated in a plasma arc. The arc melts the 

material on the edge of the electrode and small droplets are formed, 

which are thrown outwards by the rotation. If the flight path is long 

enough, the droplets take on a spherical shape and solidify before they 



 

15 

hit any surface. PREP is capable of producing highly spherical particles 

with no particles stuck together; gas atomization produces particles 

with good sphericity, but not as good as PREP and commonly with 

small particles stuck on larger ones (a phenomenon called satellites) 

(Figure 6).  PREP powders generally also have less porosity, but all 

properties (shape, size, porosity, satellite content and more), varies 

between manufacturers and conditions. 

Despite PREP powder’s superior properties, gas atomized powder 

is more commonly used in LMD processes. This is because 

manufacturing of PREP powders is more expensive and the technique 

less accessible. 

 

  

a) Gas atomized powder b) PREP powder 

Figure 6: a) Gas atomized powder and b) powder produced using the 

Plasma-rotation Electrode Process [24].  

 Laser pulsing 

Two different modes of operation are possible for the laser: pulsed 

operation, where the laser is switched on and off rapidly to produce 

quasi-continuous operation and continuous wave (CW), where the laser 
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is turned on all the time. Pulsed operation has three variables: pulse 

time period, �period, laser power, �p, and pulse fraction of the different 

laser states (ON or OFF), �on (Figure 7). 

 

 

Figure 7: Illustrating power output over time in a pulsed laser source. 

Three variables can be controlled in this mode of operation: fraction laser 

on-time (�on), pulse frequency (�period
��) and laser power (�p).  

 Deformation and residual stresses 

In layer by layer additive manufacturing, the parts produced undergo 

multiple temperature cycles, since any layer in the bulk must also 

absorb and dissipate heat from melting of the layers above it. The 

transient heating and cooling result in residual stresses and thermal 

distortion [27]. Until recently, little research was performed on practices 

to minimise or avoid the distortion of AM parts, but interest in this 

field is now increasing. In 2016, Mukherjee et al. presented a simple 

model to evaluate the effect of process parameters on thermal distortion 



 

17 

[28, 29]. In this model a strain parameter, �∗, is introduced, see Eq. 

(2.4): 

 
�∗ =

� ∆� � ��/�

�� � ��
 

(2.4)

where � is the volumetric coefficient of thermal expansion, Δ� is the 

maximum rise in temperature during the process, � is the elastic 

modulus and � is the second moment of area of the substrate making 

�� the flexural rigidity of the structure. � is a characteristic time, � is 

the heat input per unit length, as before, F is the Fourier number (see 

Eq. (2.5) and � is the density of the alloy powder. �∗ does not give a 

quantitative measurement of strain but may be used to compare 

different settings and materials qualitatively. 

The Fourier number is the ratio of heat dissipation rate to heat 

storage (Eq. (2.5), where ℎ is the thermal diffusivity, � is the scanning 

speed and �pool is the length of the melt pool.). One important note is 

that the dissipation rate varies with the number of layers as an increase 

in the number of layers leads to an increase of the distance over which 

heat must be dissipated. This results in reduced heat loss through the 

substrate and a corresponding increase thermal strain. 

 � =
ℎ �

�pool
 

(2.5)

Considering Eq. (2.4), it is evident that � should be as large as 

possible to minimize �∗. This means that scanning speed should be high, 

according to Eq. (2.5) and (2.1).  

There is a linear relation between measured thermal strain and �∗ 

for multiple process parameters and materials [29]. �∗ is therefore 
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considered as a valuable indicator for thermal distortion as well as for 

strain. The effect of increasing parameters on thermal distortion is 

summarized in Table 2. 

Table 2: The effect of different process parameters on the strain 

parameter �∗. 

Increasing parameter Affected parameter Effect on ε* and 

distortion 

�p �, ∆� ↑ higher 

�d � ↓ lower 

� �, � ↓ lower 

 Mitigation of thermal distortion 

Reducing the heat input should result in less thermal distortion of the 

part (Eq. (2.4)). As suggested in Table 2, one way of achieving this is 

by lowering the laser power. If a continuous wave laser is used; the heat 

input may be calculated using Eq. (2.1). This may be modified for the 

case of a pulsed laser by multiplying by the fraction of time for which 

the laser power is on (Eq. (2.6)). 

 � =
�P ∗ �on

�d ∗ �
 

(2.6)

 Design of Experiment (DoE) 

Design of Experiments, commonly abbreviated as DoE, is a statistical 

modelling concept for planning and analysis of processes and 

experiments. Its development started in the 1920s, but it was not until 
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the 60s and 70s it gained significant application in research. DoE takes 

variables in a system or process and investigates their effect on output 

responses. The idea is to gain as much information as possible with the 

fewest possible tests. 

The classical approach when studying a system is to vary one input 

in each experiment. When the experimental system is largely unknown, 

this is often the most practical approach to explore relationships in the 

system. However, when optimizing or improving a process that is 

already well-known, this approach is ineffective and needlessly time 

consuming. Consider a case where temperature and substrate 

concentration can be changed to affect the yield in a process (Figure 8). 

The yield contour/profile is unknown, but it is still sought to optimize 

the system. When varying only one input at a time, experiments 1-4 

aim to find a maximum yield as a function of temperature for a fixed 

substrate concentration of 1,5 g/L (i.e. experiment 3). Next, the 

substrate concentration is changed (experiments 5-9) and a new 

maximum is found (experiment 8). One may think then this is the 

highest yield possible in the system since a maximum have been located 

in both directions. This is only true if the two inputs are independent. 

However, in this example, the inputs are coupled and so the true 

maximum is not found. It is possible, but time consuming, to repeat the 

process for different starting points to explore the input space more 

thoroughly. However, this is increasingly less effective as more variables 

are added to the system.  
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Figure 8: Example of experimental order using the COST approach. In 

this case two variables can be changed, temperature and substrate 

concentration. [30] 

If the DoE approach was used on the same system, a typical series 

of experiments could be expressed as is shown in Figure 9. The approach 

will not be explained fully but it starts with experiment 1-4 to find a 

direction in which the yield increases most rapidly. Experiments 5-7 

then find a local maximum of the yield within the range of inputs 

studied. The experiments in red (8-11) suggests a new direction from 

the local maximum resulting in experiment 12 being performed. When 

the yield from experiment 12 and 6 are found to be the similar, 

additional experiments marked in green (13-16) are made. Combining 

all results makes it possible to develop a statistical model, illustrated in 

yellow, for the yield in the region. With this model, parameters which 
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should result in the global maximum yield can be calculated 

(experiment 17). 

 

 

Figure 9: Example of experimental order using a DoE approach. The red 

and green experiments are used to build a local model (pictured in 

yellow) to localize a potential maximum yield. 

2.8.1 MODDE Pro 

MODDE Pro is a software developed by Umetrics for the generation of 

experimental designs and evaluation of these experiments. In many 

cases, the end goal is to develop a polynomial model, such as the one 

that is used to form the yellow contours in Figure 9. The polynomial 

describes the relation between inputs (called factors in MODDE Pro) 

and outputs (responses). MODDE uses statistical techniques called 

Multiple Linear Regression (MLR) or Partial Least Squares to estimate 
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how significant each factor is to the response(s). In its most generic 

form, a multiple linear regression model can be described by Eq. (2.7). 

 
� = � �� + ���� + ����

� + ⋯ + ����
�

+ ��

�

���

  

� = 1, 2, 3, … , � 

(2.7)

Where � is the response for the input variable �� where � indicate 

the factor. ��, ��, �� … �� are the regression coefficients for ��, �� is the 

error and � is the order of the polynomial. If �=2 the model is a 

quadratic model, which was the order used in the current study. To 

clarify, the summation sign means the model is built form multiple 

input variables (�). Instead of having �
������
�⎯⎯⎯� �, we have 

(��, ��, �� … ��)
������
�⎯⎯⎯� � where each � has its own set of regression 

coefficients. If several outputs are explored, a new model is made for 

each response.  

The model generated is largely evaluated based on the statistical 

quantities �� and ��. The former is a measurement of how well a 

regression model fits the data and should generally be greater than 0,5 

[31]. If �� = 1 this means the model accounts for 100% of the variance 

which is the same as saying all gathered data points may be calculated 

exactly by the function derived in the analysis. If �� = 0 it explains 0% 

of the variance. Algebraically �� is defined in Eq. (2.10) using Eq. (2.8) 

and (2.9).  

 ����� �(�� − �)�

�

 (2.8)
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 ����� �(�� − ��)
�

�

 (2.9)

 �� = 1 −
�����

�����
 (2.10)

Where, �� is our observed data points for the output �, � is the mean 

of the observed data and f is our regression model. Graphically, 

����� �����⁄  can be seen as the area of the blue sqaures on the right 

divided by the area of the red squares on the left in Figure 10. 

   

 

Figure 10: The blue squares on the right illustrating ����� for the model 

�. Red squares are ����� for � on the left [32]. 

Q2 is the equivalent quantity for data that were not used in the 

regression. It should also be greater than 0,5 while the difference 

between R2 and Q2 should be less than 0,3 [31]. 
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2.8.2 D-optimal design 

D-optimal designs are tailor-made designs for a specific problem 

generated by a computer. “D-optimal” refers to the design’s method of 

maximizing the amount of information given by a specified number of 

experiments. 

D-optimal design starts with specifying a regression model like the 

one in Eq. (2.7), � = � ∗ � + �, where � is a � × 1 vector of simulated 

responses and � is the number of experiments. � is a � × � matrix 

where � corresponds to the number of terms in the model (constant, 

interaction, square, etc.). � is a � × 1 vector of the coefficients 

determined by fitting the model to the responses. Lastly, � is a N × 1 

vector of residuals (the difference between observed and predicted 

values of the response �). Their values are assumed to be independent 

of each other and normally distributed with a constant variance of ��. 

The D-optimal design algorithm works by maximizing the determinant 

�′� which is an overall measurement of the information in �. 

Geometrically, this corresponds to maximizing the volume of � in a � 

dimensional space. This is the same as covering as large of a design 

space as possible. 
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3 Experimental 

 Equipment 

All print tests were performed in a Trumpf TruLaser Cell 3000 coupled 

to a Trumpf TruDisk 5001(6C) disc-laser source. The nozzle was a 

coaxial type, provided by Fraunhofer Institute for Laser Technology, 

ILT. Other parameters are given in Table 3.  

Table 3: Experimental equipment and setup. 

Optics  

Focus Length 200mm 

Fibre diameter 200µm 

Spot size 1,3mm 

  

Powder  

Grade IN718 

Particle diameter 45-75µm 

Powder feeder Medicoat Flowmotion 

  

Substrate  

Dimensions (L×W×H) 300×40×3,2 (all mm) 

Material IN718 – AMS 5596J 
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 Initial trials and full DoE 

Based on literature reviews, a range of parameter settings was chosen 

for initial trials. To evaluate the effects of pulsing, only pulsing 

parameters was changed between the experiments; fraction laser on-

time (�on), pulse frequency (�period
��) and laser power (�p). The tested 

range for each parameter is given in Table 4. 

Table 4: Range for different parameters 

Parameter Range 

�on 0,4 ≤ �on 1⁄ ≤ 0,8 

�period
�� 10 ≤ �period

�� Hz⁄ ≤ 50 

�p 800 ≤ �P W⁄ ≤ 1200  

 

Using a D-optimal design, a set of sixteen parameters was generated 

in the MODDE software with three repeats. For reference, another 

three samples using a continuous laser were added to the series of 

experiments for future comparison between pulsed and continuous 

operation. The run order was randomized to minimize background 

effects. All test parameters are given in Table 5. 

For all tests, scanning speed was 12,5 mm/s and powder feed rate 

7,02 g/min ±3%. Shielding gas flow and powder carrying gas flow was 

18 L/min and 7 L/min respectively of pure argon. 
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Table 5: Test matrix and parameters 

 Test number �p [W] �period
�� [Hz] ��� [1] 

P
u
ls
ed

 E
x
p
er

im
en

ts
 

1 1200 10 0,4 

2 800 50 0,4 

3 1200 50 0,4 

4 800 10 0,8 

5 1200 10 0,8 

6 800 50 0,8 

7 1200 50 0,8 

8 800 10 0,53 

9 800 23 0,4 

10 933 10 0,4 

11 1200 30 0,6 

12 1000 50 0,6 

13 1000 30 0,8 

14 1000 30 0,6 

15 1000 30 0,6 

16 1000 30 0,6 

C
W

 

E
x
p
er

im
en

ts
 

17 1200 - 1 

18 1000 - 1 

19 800 - 1 

 Sample dimensions and building strategy 

To evaluate parameters, components with an isosceles trapezoidal cross 

section were built. The build geometry is similar to a candy bar and a 
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sketch can be seen in Figure 15. The components were built in the 

centre of substrates using a building pattern designed outside the 

current study. To determine height and width of a single bead, cross 

sections were taken and measured using a Nikon optical microscope 

connected to a digital camera and analysed using the software NIS-

elements. The bead width, �, is defined as the distance between the 

points of intersection between substrate and bead circumference. Bead 

height, �, is defined as the orthogonal distance between substrate and 

maximum bead height (Figure 11). 

 

 

Figure 11: Definition of width and height of a single bead, as measured. 

These measurements were then used to determine the build 

dimensions for a component with this parameter setting. All beads have 

a fixed 50% overlap. The overlap is defined as 1 − �off-set �⁄  shown in 

Figure 12. 

 

 

Figure 12: Illustrating measurements needed to calculate the overlap. 
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For each layer the number of beads decreases by one, i.e. �� =

���� − 1, where �� is the number of beads in the �th layer. As a result, 

the angle � is dependent on the bead geometry, tan � = 4ℎ �⁄ . This is 

illustrated in Figure 13 and the idealised geometry in Figure 14. 

 

 

Figure 13: The angle � is dependent on the single bead measurements 

and the overlap chosen. 

Cross section geometry is different between components, since 

components were built with different parameters and each combination 

of parameters results in different dimensions of individual beads. The 

strategy during building was to have the same cross section area in all 

samples i.e. the same total volume of added material. Since overlap is 

fixed, only the number of beads and layers could be altered between 

samples to achieve this. The best combination was calculated by setting 

a desired diagonal length, �, and area, � (Figure 14), and then solving 

the system of equations given in Eq. (3.1)–(3.3). These equations are 

derived entirely from geometry. The values for � and � were set to 

7 mm and 10 mm2, respectively. These are values provided by the 

company who built the components. Time did not permit for these 

parameters to be investigated or optimised. 
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Figure 14: Notations and measurements of a component built in this 

study. 

 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧ � =

1

2
(� + �)�

� = �� � +  �
1

4
(� − �)� + ��

� = tan��
�

1
2

(� − �)

 

(3.1) 

(3.2) 

(3.3) 

For all samples a unidirectional pattern was used (Figure 15). The 

total length of a component is 240 mm. 

 

 

Figure 15: Build geometry and building strategy. 

In some cases, the layer height varied nonlinearly which was not 

accounted for in the calculations for number of beads and layers. Often 
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the build height increased more per layer than the height of a single 

bead. In those cases, the build height reached the target value earlier 

than expected and the building process was halted at that point. 

 Deformation measurements 

Deformation was defined as the height of the substrate, �, created by 

the building process (Figure 16). Using a MarSurf XC contour 

measuring station, the profile of the substrate was obtained on its 

underside. The distance between its highest and lowest point was then 

calculated. The starting point of measurement was set 167 mm from 

the edge in the negative �-direction and ended 160 mm later (Figure 

16). This leaves 7 mm of the substrate unmeasured, but this was not 

considered significant and was consistent across all measurements. 

 

 

Figure 16: The setup for measurement of deformation, �, using a 

konturograf. 

 Cross section analysis 

To evaluate the microstructure and porosity, three pieces were cut out 

from each sample using a water jet and mounted in non-conducting 
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Bakelite. The moulds were then ground using abrasive paper and 

polished with 1 µm diamond paste following standard metallographic 

preparation procedures (Figure 17). 

 

 

Figure 17: Illustration of sample preparation: 1. samples positions are 

marked on the substrates, one in the centre and one in each end of the 

component. The three samples are marked C, B, A from top to bottom 

where A is closest to the starting point of each string 2. Samples are cut 

out using a water jet. 3. The pieces are oriented such that the desired 

cross section is later visible. 4. The pieces are mounted in Bakelite and 

later grinded and polished. 

3.5.1 Porosity evaluation 

To evaluate porosity, pictures of the cross section was taken prior to 

etching. A motorized table was used in conjunction with the NIS-

software to stitch multiple pictures together and allow the entire cross-
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section to be analysed. For image analysis, the ImageJ (version 1.52a) 

software was used [33]. By altering the white-black threshold, darker 

areas of the image could be automatically marked by ImageJ. The 

marked areas were then manually checked, and large spots suspected to 

be discoloration, dust or scratches were removed. Only the added 

material on top of the substrate was analysed. 

Using the built-in tool for analysing particles ImageJ was set to 

report areas larger than 300 pixels, equivalent to about 17 µm2. Since 

all pores found were more or less spherical this property could be used 

to distinguish pores from other contaminants. All areas with an aspect 

ratio of less than 0,8 were ignored. An example of an analysed cross 

section (Test No. 4, section C) is shown in Figure 18. 

 

 

Figure 18: Cross section of test 4, position C, as it looks prior to 

importation to ImageJ. 

3.5.2 Microstructure and composition evaluation 

To reveal the microstructure, all samples were electrolytically etched in 

oxalic acid at 3.2V for 10 seconds. Two close-up pictures were saved 

from each sample, one in the centre close to the top and one in the 
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centre close to the substrate. A sketch is shown of the locations in 

Figure 19. 

 

 

Figure 19: Locations for the close-up pictures of the microstructure taken 

in the optical microscope. 

Energy dispersive X-ray spectroscopy was performed on selected 

samples to evaluate potential differences in composition (Table 6). The 

types of analysis were chosen to see potential sources for differences in 

the microstructure or if different behaviours for different parameters 

could be observed. 
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Table 6: The different types of analysis made in SEM-EDX and the 

objective with each measurement.  

Objective – What is measured?  Type of analysis 

Average Composition EDX on a larger area both close 

to top and bottom 

Macro segregation EDX at 10 different points in the 

vertical direction   

Micro segregation EDX on light and dark points 

both on top and bottom 

Element mapping Mapping elements on one sample 

1/3 from the top 

3.5.3 Quantitative X-ray diffractometry 

Xiao et al. found that the Laves phase could be suppressed by utilizing 

a pulsed laser during directed energy deposition additive manufacturing 

with similar building parameters to the current study: a sample 

manufactured using continuous laser illumination contained 

11.6 ± 1.4% of Laves phase, compared to 3.7 ± 1.1% in a pulsed 

experiment [10]. Since Laves phase is unfavourable for mechanical 

properties the decision was made to analyse phase fractions during the 

current study parameters using X-ray diffractometry. The 

diffractometer used was a Bruker D8 Discovery using copper radiation 

and a constant sample illumination length of 10 mm, measured between 

Bragg angles of 30° ≤ 2� ≤ 100°.  
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4 Results 

 Powder efficiency 

The MLR model calculated by MODDE for �eff shows that it is higher 

when laser power, pulse frequency and pulse fraction are all increased 

(Table 7). No combined or square terms were found to be of 

significance for �eff. Including such terms lowered �� which was one of 

the model evaluation parameters. The complete model is found in Eq. 

(4.1). Reported �� and �� values are 0,98 and 0,96 respectively. The 

values and associated errors are calculated using a 95% confidence 

interval meaning one is 95% certain the range contains the true mean. 

The uncertainty comes from random scatter which may give false 

trends.    

Table 7: Powder efficiency model coefficients and their values. The 

associated input is the parameter which is affected by the coefficient. The 

complete model is found in Eq. (4.1). 

Coefficients Associated input Value 

��  38,5 ± 1,1 

�1 �p 6,5 ± 1,3 

�� �period
�� 3,7 ± 1,3  

�� �on 12,8 ± 1,3 

 

 �eff = �� + ���p  + ��(�period
��)  + ���on (4.1)
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By plotting the models surface we may visually explore powder 

efficiency in the chosen range. As can be seen in in both Table 7 and 

Figure 20, pulse fraction has the largest effect on powder efficiency. 

  

 

Figure 20: Powder efficiency contour plot for three different pulse 

frequencies. Iso contour lines are added between 15% and 60%. 

 Deformation 

Significant scatter was found in the data: the variation between repeats 

is almost as large as the effect of changing the build parameters (Figure 

21). Therefore, no definitive conclusions can be drawn. The samples 

built using a continuous laser are in close proximity to those built using 

a pulsed laser, which suggests that neither laser mode is significantly 

better than the other to minimise substrate deformation. 
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Figure 21: Deformation of all samples. Note; “Sample index” is not related 

to the “Test number” given in Table 5. 

The most consistent trend appears to be that higher pulse fraction 

results in less deformation, according to the MLR analysis. Model 

coefficients are found in Table 8. Reported �� and �� values are 0,72 

and 0,53 respectively. The large 95% confidence interval reflects that 

the scatter is as large as the potential effect of the input parameters. 

The deformation model is shown in Eq. (4.2).  

Deformation as a function of pulse fraction and laser power is shown 

in Figure 22. Pulse frequency did not appear to have an effect on 

deformation. 
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Table 8: Deformation model coefficients and their values. The associated 

input is the parameter which is affected by the coefficient. The complete 

model is found in Eq. (4.2). 

Coefficients Associated input Value 

��  �, � ± �, � 

�1 �p −�, � ± �, � 

�� �on −�, � ± �, �  

�� �on
� �, � ± �, � 

 

 ����������� = �� + ���p  + ���on  + ��(�on)� (4.2)

 

Figure 22: Deformation according to the suggested model as a function of 

laser power and pulse fraction. 
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 Defects 

The variation in number of defects between samples were very large. 

This show none of the input parameters had a significant effect and 

made it impossible to derive a model from the data. The result given in 

Figure 23 and Figure 24 is a mean value between cross sections A, B, 

C for each sample. Similarities/differences between positions A, B and 

C were also investigated but no correlations were found. 

   

 

Figure 23: Mean number of pores between cross section A, B and C for all 

samples. 
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Figure 24: Mean porosity between cross section A, B and C for all 

samples. 

 SEM – EDX 

EDX scans of larger areas were performed to find mean compositions 

for samples 7, 8, 16 and 17. No substantial differences between samples 

were detected. An example of such an area is seen in Figure 25. 
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Figure 25: Example of an area scanned for overall composition. All 

samples showed a similar dendric structure. 

Composition over the full height of the added material was checked 

at 10 different locations for each sample. The positions were off set from 

the centre and taken with equal spacing in a vertical line from the top 

to the bottom. An illustration of the positions is shown in Figure 26. 

  

 

Figure 26: Point analysis of the composition were made at 10 location on 

each sample. 
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According to the analysis, niobium has the largest fractional 

fluctuation, but titanium, and molybdenum contents also fluctuate 

between the points (Figure 27 to Figure 30). The compositions are 

normalised with the mean composition for all 10 points in their 

respective sample. 

 

 

Figure 27: Composition at 10 points in the z-direction. Most elements are 

relatively consistent in test 7. 
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Figure 28: Composition at 10 points in the z-direction for test 8. In 

position 3, 7 and 8: Molybdenum, Titanium and Niobium vary most 

significantly. 
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Figure 29: Composition at 10 points in the z-direction for test 16. In 

position 3, 7 and 9: Molybdenum, Titanium and Niobium vary most 

significantly. 
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Figure 30: In test 17 the largest deviations from its mean composition is 

found when comparing 10 points in the z-direction. Niobium has a 

distinct peak at position 8. 

The fluctuations are due to the dendritic microstructure (Figure 31 

to Figure 33) The fine microstructure is on the limit of how small areas 

can be measured accurately using energy dispersive X-ray spectroscopy. 

The precision in which the instrument is told to measure the 

composition compared to where the measurement is taken is about 1 

µm for the equipment. In other words; since the lighter areas are about 

1 µm in diameter it is uncertain how well the area is measured [34]. The 

composition presented in Figure 34 and Figure 35 may therefore not be 

as accurate as reported. However, it is clear lighter areas (point 15) 

have much higher niobium content compared to the darker areas (point 
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16). The lighter points average 10 wt.% niobium compared to the 

darker areas which average 2 wt.%. 

 

 

Figure 31: Dendritic microstructure close to the top of test 7. EDX 

analysis of point 15 and 16 is given in Figure 34 and Figure 35. 

 

Figure 32: Dendritic microstructure close to the top of test 8. EDX 

analysis of point 15 and 16 is given in Figure 34 and Figure 35. 



  

 

48 

 

Figure 33: Dendritic microstructure close to the top of test 17. EDX 

analysis of point 15 and 16 is given in Figure 34 and Figure 35. 

 

Figure 34: EDX analysis of lighter areas in test 7, 8, 17. Niobium content 

is much higher compared to base material which is expected due to its 

poor diffusibility. The composition is normalised such that the sum of all 

elements equals 100 wt.%. 



  

 

49 

 

Figure 35: As expected, EDX measurements show low niobium content in 

the darker areas. The composition is normalised such that the sum of all 

elements equals 100 wt.%. 

 XRD – Niobium rich phases 

Since the EDX results show segregation of e.g. niobium, there is a 

possibility Laves phase may have precipitated in the samples. To 

analyse if different parameters results in different phase fractions, XRD 

measurements were made. Six samples with different energy inputs were 

chosen for analysis: test 7, 8, 14, 15, 17 and 18. The conventional 2theta 

angle against intensity have been plotted in Figure 36. To compare the 

different samples, the intensity has been normalised. Figure 36 show 

one set of very similar peaks corresponding to γ. This means all samples 

are 100% γ-phase. 
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Figure 36: Show the normalised intensity vs. 2theta for six samples in the 

XRD analysis. The peaks correspond to γ, which therefore means all 

samples consists of 100% γ -phase. 
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5 Discussion 

As one could have foreseen, a pulsed laser lowered the powder efficiency. 

However, the measured effects of the input parameters were much 

greater than expected. These vast differences made it difficult to isolate 

which effects were a result of pulsing. For example, it is not certain if 

the substrate deformation is affected by the number of beads, coupled 

with powder efficiency, or the pulsing parameters.  

Additive manufacturing is a complex process with numerous 

variables that must be taken into consideration. The decision to use 

cross sectional area as a constant were made based on the thought all 

samples should have the same mass added. In practice this was almost 

impossible due to the layered nature of the build process. Thus, the 

added mass varied between 20g and 28g. Additionally, the inconsistent 

layer height made cross section geometry unpredictable. 

The variety in deformation between replicated samples suggests 

some significant input factor may not have been accounted for in the 

experimental design. Since all samples were made in what were believed 

to be the same conditions, they should have deformed in a similar 

manner. 

 Evaluation of Models 

Model validity is very important when trying to derive conclusions from 

experiments. The powder efficiency model gave �� and �� values very 

close to 1 indicating it can confidently be used for predicting powder 

efficiency for pulsed laser in the future. 
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The deformation model is much more uncertain. The reproducibility 

was very low, which reduced accuracy of predictions. Although �� and 

�� are high enough for the model to be deemed relevant, one may only 

be confident in the general conclusion that higher pulse fraction leads 

to less deformation. If this is due directly to the pulse parameters or a 

secondary effect, such as powder efficiency, is not fully understood. In 

Figure 37, a plot of the substrate deformation as a function of powder 

efficiency and the number of beads shows that as the number of beads 

goes up and powder efficiency goes down, the deformation increases. 

The number of beads is dependent on the powder efficiency since this 

study aimed to have a similar mass added across all samples. Since no 

experiments on how the number of beads affects deformation were 

performed, this potential correlation can neither be confirmed nor 

denied. 
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Figure 37: Illustrating a potential connection between the number of 

beads, powder efficiency and deformation. R2 for the plane is 0.88. 

 Risk of defects 

No obvious defects could be found in any sample. Total porosity 

and the overall number of pores varies between samples but are still 

low. The samples manufactured using a continuous laser beam show 

some of the lowest porosities, but since these tests were not repeated, 

no valid conclusion can be drawn regarding its superiority. 

Laves phase was believed to have formed across all parameters since 

H. Xiao et.al. reported its formation with very similar parameters and 

experimental set up. However, the XRD analysis showed 100% γ-phase 

for a wide range of parameters in this study. Why these results differ 

greatly is uncertain. 
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 Additional observations 

During the making of the samples, it was observed samples with lower 

heat input came out with higher resolution i.e. a more defined 

trapezoidal shape. In addition to a reduction in substrate deformation 

or a move advantageous microstructure, pulsing can conceivably be 

used for production of more intricate parts, based on this observation. 

However, this needs more thorough investigation, 
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6 Conclusion 

This study aimed to evaluate the effects of pulsing the laser in the LMD 

process using IN718 GA powder on an IN718 substrate. Microstructure 

as well as deformation were evaluated. All experiments where designed 

to have the same amount of material added. The study was unsuccessful 

in fully determining the effects in many cases, mostly due to the lack of 

reproducibility in the experiments.  

- Powder efficiency is greatly affected by pulsing the laser. 

Frequency has a weak effect while the fraction of time for which 

the laser is powdered has a much larger effect.  

- Pulsing the laser in a square wave for blown powder additive 

manufacturing gives no clear advantage in terms of substrate 

deformation. Even if there is a positive effect, the lower powder 

efficiency, or some other non-investigated effect, may affect the 

outcome. 

- Pulsing has little or no effect on the creation of the niobium 

rich interdendritic phases. 
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7 Future work 

In any future study, it is recommended that a screening is to be made 

on what variables must be controlled to achieve consistent deformation 

as the lack of repeatability became a problem in this work  The number 

of beads may also influence deformation and the experimental set up 

should therefore be evaluated in greater detail to ensure wanted effects 

are captured and isolated.  

This study also evaluates only one type pulsing. If laser power is 

cycled between a background power, e.g. 300 W and peak power instead 

of always being switched off entirely, the result may be more 

advantageous.  
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Appendix 1: Composition over larger area 

Appendix 1 shows composition for larger areas on test 7, 8, 16 and 17. 

The values given in Table 9 is the normalised wt.% for each element 

according to the EDX analysis. Table 10 gives the specified 1 sigma 

errors for values in Table 9. 

Table 9: EDX analysis of larger area. Composition is given in norm. wt.% 

for each element. 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

Test 7 top 0.7 53.65 18.65 1.19 2.83 17.7 5.28 

Test 7 bottom 0.39 54.06 18.54 1.23 2.76 18.1 3.07 

Test 8 top 0.49 54.1 18.67 1.17 2.75 17.84 4.98 

Test 8 bottom 0.38 54.22 18.46 1.27 2.74 18.05 4.89 

Test 16 top 0.58 53.72 18.62 1.19 2.81 17.76 5.32 

Test 16 bottom 0.52 52.13 18.74 1.3 3.0 18.94 5.38 

Test 17 top 0.47 54.11 18.79 1.09 2.87 18.01 4.66 

Test 17 bottom 0.48 52.88 18.6 1.25 2.99 18.79 5.0 
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Table 10: Specified 1 sigma errors for values given in Table 9. 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

Test 7 top 0.06 1.41 0.51 0.06 0.12 0.49 0.22 

Test 7 bottom 0.05 1.4 0.5 0.06 0.12 0.49 0.2 

Test 8 top 0.05 1.38 0.49 0.06 0.12 0.48 0.2 

Test 8 bottom 0.04 1.41 0.5 0.06 0.12 0.49 0.2 

Test 16 top 0.05 1.38 0.5 0.06 0.12 0.48 0.21 

Test 16 bottom 0.05 1.23 0.46 0.06 0.12 0.47 0.2 

Test 17 top 0.05 1.38 0.49 0.06 0.12 0.48 0.19 

Test 17 bottom 0.05 1.27 0.46 0.06 0.12 00.47 0.19 
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Appendix 2: Composition in vertical direction 

The following tables specifies values for Figure 27 to Figure 30. They 

refer to the point analysis in vertical direction made on test 7, 8, 16 and 

17. Table values are given as the normalised wt.% of each element 

according to the EDX analysis and their respective 1 sigma errors in a 

separate table.  
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9.1.1 Test 7 

Table 11: EDX analysis, norm. wt.% for each element, test 7. 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

1 0,37 52,48 19,1 1,27 2,89 18,95 4,94 

2 0,33 52,93 19,32 1,09 2,59 18,33 5,41 

3 0,53 53,64 18,48 1,4 2,76 17,75 5,44 

4 0,51 53,8 19,35 1,23 2,59 17,95 4,58 

5 0,49 54,05 18,32 1,21 2,96 17,61 5,36 

6 0,46 52,79 17,83 1,48 3,16 18 6,28 

7 0,45 53,25 18,85 1,29 2,75 18,67 4,75 

8 0,44 52,65 18,56 1,34 2,96 18,96 5,09 

9 0,39 53,49 18,89 1,22 2,71 18,14 5,16 

10 0,39 53,64 19,28 1,23 2,5 18,34 4,62 

 

Table 12: EDX 1 Sigma error for each element, test 7. 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

1 0,04 1,25 0,47 0,06 0,12 0,47 0,19 

2 0,04 1,43 0,54 0,06 0,12 0,52 0,22 

3 0,05 1,39 0,5 0,06 0,12 0,48 0,22 

4 0,05 1,41 0,53 0,06 0,12 0,49 0,19 

5 0,05 1,4 0,49 0,06 0,13 0,48 0,22 

6 0,05 1,27 0,45 0,06 0,13 0,46 0,23 

7 0,05 1,25 0,46 0,06 0,11 0,46 0,18 

8 0,04 1,19 0,44 0,06 0,11 0,45 0,18 

9 0,04 1,25 0,47 0,06 0,12 0,47 0,19 

10 0,04 1,43 0,54 0,06 0,12 0,52 0,22 
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9.1.2 Test 8 

Table 13: EDX analysis, norm. wt.% for each element. 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

1 0,54 52,67 18,11 1,4 2,99 17,79 6,51 

2 0,51 54,55 18,65 1,06 2,8 17,67 4,76 

3 0,47 55,07 20,16 0,8 2,43 18,65 2,41 

4 0,41 53,83 18,88 1,05 2,77 17,97 5,09 

5 0,39 53,83 18,15 1,24 2,95 17,78 5,67 

6 0,43 54,13 18,23 1,26 2,94 17,64 5,36 

7 0,42 53,28 16,99 1,53 3,41 16,85 7,51 

8 0,44 52,72 17,45 1,47 3,14 17,38 7,39 

9 0,42 53,48 17,62 1,39 3,13 17,79 6,17 

10 0,42 53,01 17,87 1,39 3,01 17,91 6,38 

 

Table 14: EDX 1 Sigma error for each element 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

1 0,05 1,34 0,48 0,06 0,13 0,47 0,25 

2 0,05 1,43 0,50 0,06 0,12 0,48 0,20 

3 0,05 1,39 0,52 0,05 0,11 0,49 0,11 

4 0,05 1,43 0,52 0,06 0,12 0,50 0,21 

5 0,05 1,40 0,49 0,06 0,13 0,48 0,23 

6 0,05 1,38 0,48 0,06 0,13 0,47 0,21 

7 0,05 1,38 0,46 0,07 0,14 0,46 0,29 

8 0,05 1,36 0,47 0,07 0,13 0,47 0,28 

9 0,05 1,44 0,49 0,07 0,14 0,50 0,25 

10 0,05 1,32 0,46 0,06 0,13 0,47 0,24 
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9.1.3 Test 16 

Table 15: EDX analysis, norm. wt.% for each element. 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

1 0,36 54,57 19,24 1,06 2,56 18,26 3,96 

2 0,62 51,84 18,33 1,37 3,04 18,68 6,11 

3 0,66 53,69 18,77 1,18 2,72 17,77 5,20 

4 0,53 53,39 18,35 1,22 3,00 17,69 5,82 

5 0,53 52,67 19,06 1,15 2,87 18,68 5,04 

6 0,46 54,13 18,59 1,20 2,80 17,80 5,02 

7 0,52 54,19 20,03 0,87 2,64 18,73 3,02 

8 0,42 53,35 19,40 1,11 2,82 19,04 3,87 

9 0,35 54,21 18,47 1,24 2,78 18,04 4,92 

10 0,47 54,00 18,62 1,26 2,65 18,28 4,71 

 

Table 16: EDX 1 Sigma error for each element 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

1 0,04 1,42 0,52 0,06 0,12 0,50 0,17 

2 0,06 1,31 0,48 0,06 0,13 0,49 0,24 

3 0,06 1,40 0,50 0,06 0,12 0,48 0,21 

4 0,05 1,33 0,47 0,06 0,13 0,46 0,22 

5 0,05 1,27 0,47 0,06 0,12 0,47 0,19 

6 0,05 1,37 0,49 0,06 0,12 0,47 0,20 

7 0,05 1,32 0,50 0,05 0,11 0,48 0,13 

8 0,05 1,29 0,48 0,05 0,12 0,48 0,15 

9 0,04 1,39 0,49 0,06 0,12 0,48 0,20 

10 0,05 1,39 0,50 0,06 0,12 0,49 0,19 
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9.1.4 Test 17 

Table 17: EDX analysis, norm. wt.% for each element. 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

1 0,45 53,47 18,08 1,28 2,96 17,79 5,97 

2 0,52 52,55 18,41 1,31 3,17 18,52 5,52 

3 0,57 53,58 18,97 1,11 2,98 18,79 3,99 

4 0,49 54,21 18,14 1,27 2,93 17,80 5,16 

5 0,40 54,84 19,38 0,97 2,64 18,45 3,33 

6 0,43 54,01 19,35 0,99 2,84 18,52 3,86 

7 0,49 54,96 20,22 0,77 2,49 18,92 2,15 

8 0,43 49,44 16,12 1,50 4,16 16,78 11,56 

9 0,45 53,83 17,08 1,49 3,25 17,41 6,48 

10 0,53 54,62 19,21 0,98 2,62 18,48 3,57 

 

Table 18: EDX 1 Sigma error for each element 

Position Aluminium Nickel Iron Titanium Molybdenum Chromium Niobium 

1 0,05 1,33 0,47 0,06 0,12 0,46 0,23 

2 0,05 1,23 0,45 0,06 0,12 0,45 0,20 

3 0,05 1,29 0,47 0,05 0,12 0,47 0,16 

4 0,05 1,40 0,49 0,06 0,13 0,48 0,21 

5 0,04 1,38 0,50 0,05 0,11 0,49 0,14 

6 0,05 1,41 0,52 0,05 0,12 0,50 0,16 

7 0,05 1,38 0,52 0,05 0,11 0,50 0,10 

8 0,04 1,16 0,40 0,06 0,15 0,42 0,39 

9 0,05 1,38 0,45 0,07 0,14 0,47 0,25 

10 0,05 1,38 0,50 0,05 0,11 0,49 0,15 
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 Appendix 3: Test matrix and results 

  
Test 

number 

Laser 

Power [W] 

Pulse 

Frequency 

[Hz] 

Laser 

fraction 

Deformation 

[mm] 

Powder 

Efficiency 

[%] 

Mean number of 

pores per cross-

section 

Added 

material [g] 

Porosity 

[%] 

P
u
ls

e
d
 E

x
p
e
ri

m
e
n
ts

 

1 1200 10 0,4 4,17 25 9,33 28,54 0,052 

2 800 50 0,4 4,5 22 6 24,36 0,018 

3 1200 50 0,4 4,5 37 6 24,79 0,023 

4 800 10 0,8 3,84 39 4,33 22,76 0,017 

5 1200 10 0,8 3,17 56 4,67 22,64 0,05 

6 800 50 0,8 3,84 47 3 22,36 0,017 

7 1200 50 0,8 3,17 62 4,33 20,93 0,039 

8 800 10 0,53 4,17 27 8,33 24,15 0,051 

9 800 23 0,4 4,5 20 4,33 24,73 0,022 

10 933 10 0,4 4,67 19 5 24,44 0,019 

11 1200 30 0,6 3,84 45 6,67 22,44 0,038 

12 1000 50 0,6 3,5 42 5 22,85 0,026 

13 1000 30 0,8 3,84 51 7,67 25,4 0,034 

14 1000 30 0,6 3,17 38 4,67 20,65 0,044 

15 1000 30 0,6 2,84 38 4 20,34 0,026 

16 1000 30 0,6 3,84 41 8,33 22,24 0,051 

C
W

 

E
x
p
e
ri

-

m
e
n
ts

 17 1200 - 1 2,5 67 5 26,98 0,026 

18 1000 - 1 3,17 55 4,33 24,66 0,016 

19 800 - 1 3,5 46 4,67  24,99 0,027  
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